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ABSTRACT 
A program of astronomical infrared spectroscopy from aircraft is developed based on the facilities offered by the NASA 
CV 990 Jet. with its 65' window ports and its gyrostatically controlled heliostats. A 12411. horizontal telescope on shock 
mounts was added. equipped with standard astronomical attachments for spectral observation of the PbS region of the infrared. 
Table 1 summarizes the vertical distribution of water vapor in the atmosphere in the middle latitudes which determincs the 
relative efficiency of flight operations from different heights. A description is given of the NASA-developed procedures for 
observation of planets and stars of different declinations. Table 4 summarizes the eight operational flights that took place in 
the spring of 1967. The efficiency of this approach was much increased when it was shown that a medium-resolution Block 
interferometer could be used in spite of aircraft vibrations o r  expected scintillation effects. 
Z. Zntroduction 
round-based astronomical spectroscopy has G well-known serious barriers. At jetcraft alti- 
tudes (10-20 km) .  the ozone absorptions still pro- 
hibit useful work at A < 3000 A; but the peculiar 
distribution of atmospheric water vapor (scale height 
in troposphere about 1.6 km versus 8.0 km for air 
generally) makes possible at :hese altitudes a very 
large reduction of the infrared telluric bands, most 
of which are due to H,O. This is most important 
because the infrared spectrum contains the funda- 
mental molecular vibrations and their lower over- 
tones. Thus, at these altitudes basic information on 
the composition, temperature, and stratification of 
planetary atmospheres may be derived. as well as 
properties of the exposed planetary surface. 
The development of largc commercial jets cruis- 
ing safely at altitudes of at least 40,000 ft  (12 km) 
makes their ceiling altitude a convenient stepping 
stone. Large instruments can be carried to this alti- 
tude and operated under laboratory conditions; yet 
no special safcty devices (pressure suits or oxygen 
helmets 1 arc needed, as even sudden partial decom- 
pression of the cabin does not pose fatal risks. For 
operations above 45,000-50,000 ft  (14-15 km), 
aircraft with limited space and much smaller pay- 
loads must be used and observers must operate in 
pressure suits. This limits these higher altitudes at 
present to special projects. Supersonic transports 
will in time provide larger capabilities above the 
present 40,00045,000-ft level. 
Some excellent work has been done at  still higher 
altitudes, up to 120,000 ft (36 km), using unmanned 
balloons. The potentialities of this approach have 
recently been summarized in several articles in 
Applied Opfics (seu Supplementary References). 
The logistics of balloon operations are much more 
complex than those of aircraft, and special atmos- 
pheric conditions must be awaited for launch. Also, 
failure rates are not negligible, and telescope and 
accessories may be damaged or lost at launch or 
during landing. No such problems exist with hireraft, 
where two or three missions per week are feasible 
and the astronomical program can be planned 
beforehand to the minute. Of cardinal importance is 
the ability in aircraft to cheek out in flight the com- 
plex recording equipment and to make quick repairs 
155 
https://ntrs.nasa.gov/search.jsp?R=19690003307 2020-03-12T08:11:20+00:00Z
156 G. P. K U I P E R ,  F. F. FORBES, A N D  H .  L. JOHNSON 
or substitutions with backup units when called for. 
Also, one has complete certainty as to the circum- 
stances under which the observations were made. 
The equipment and attachments, as well as the 
scientific and tec'mical staff, can be readily adapted 
to the requiremen,; of each flight. The relative merits 
of the unmanned-bal!oon approach versus the use of 
manned opcrations from aircraft therefore involve 
numerous factors. scientific and logistic, that must 
be carefully weighed. 
2. Atmospheric Conditions and Acailable 
Equipment at 40,OOO ft (12 km) 
The average tropospheric scale height for water 
vapor ( -  1.6 km) indicates that in the middle lati- 
tudes (30'-50"). where the tropopause is about 
11-12 km high, a reduction of some 2000 times in 
the ambient atmospheric water-vapor content will be 
attained over sea level and of some 600 times over a 
typical mountain observatory (2  km, 6600 ft). 
Above the tropopause, the water-vapor content is 
nearly constant up to an elevation of about 20 km. 
Above this level there is still some uncertainty. Ear- 
lier measures. made from balloons. showed a steady 
increase with a broad maximum indicated near 30 
km. It was found, however, that balloons often 
exude considerable quantities of water vapor at 
high altitude. In a compilation of all available data 
up to 1962. Junge ( 1963) therefore included only 
such series in which measures made during the 
balloon ascent agreed with those made on the 
descent. In Table 1 we have used Junge's data up to 
25 km, and in turn averaged these with the results 
of a very thorough study extended over a year niade 
by Sissenwine, ut al. ( 1966) over north-central Cali- 
fornia (lat. 40' N, long. 122' W )  up to elevations 
of 32 km. These lattqr are of special interest here 
because our Fpectral observations are made from 
nearly the same geographic position. The averages 
so derived in Table 1 still indicate a water-vapor 
maximum in the middle stratosphere, but less pro- 
nounced than in Junge's (1963) compilation and 
ROW centered around 25 km. Table 1 gives. in addi- 
tion. an alternative distribution for altitudes above 
18 km based on the assumption of a constant mixing 
ratio as advocated by English observcrs and recently 
by Calfee and Gates (1966). These authors, review- 
ing much recent work, some from high-altitude air- 
craft, conclude, "the stratosphere is dry and the 
distribution. although slightly variable, is well fitted 
by a constant mixing ratio throughout the strato- 
sphere" (2 or 3 parts per million). 
On either model it is apparent from Table 1 that 
the 12- 13-km level is very well suited for operations. 
not merely logistically because of available aircraft. 
but alsc scientifically. Full advantage is then taken 
of being above the relatively wet troposphere and 
just below the level (13 km) at which observers 
must wear safety devices in the aircraft. Only a fur- 
ther reduction of other atmospheric components 
(CO-, N-0. CH,). as well as of !he strongest water- 
vapor bands, will make supplementary observations 
at much higher altitudes necessary. Cpectroscopic 
observation at the 12-14-km level cannot easilv dis- 
tinguish between the two models (Houghton 1963). 
The intensity of the telluric water-vapor bands 
depends not merely on the integrated abundance 
along the atmospheric path but also on the pressure. 
TABLE 1 
AVERAGE V RTICAL DISTRIBUTION F WATER VAPOR ( M I D D L E  LATITUDES) * 
. ~. .-~ ~~~ ~~ ~ .~ . 
~ ~ -~ ~ ~. -~~ . ~ ~~~ ~ 
Altitude 
.. ~ _ _ _  
log R log P log w w ( P )  
0 0  -2.4: -2.9 -0.3: 5000: 
2 6  -2.8 -3.0 -0.8 1600. 
-3.1 -3.1 -1.2 600. 
200. 
4 13 
6 20 - ,  -3.2 -1.7 
8 26 -3.9 -3.3 -2.2 60. 
10 33 -4.45 -3.4 -2.85 14. 
12 39 -5.1 -3.5 -3.6 2.5 
14 46 -5.5 -3.6 -4.1 0.8 
16 52 -5.5 -3.R -4.3 0.5 
18 59 -5.5 -5.6 -3.9 -4.4 -4.5 0.4 0.3 
20 66 -5.3 -5.6 -4.05 -4.35 -4.65 0.5 0.2 
25 82 -4.8 -5.6 -4.4 -4.2 -5.0 0.6 0.1 
30 98 -4.8: -5.6 -4.7 -4.5: -5.3 0.3: 0.05 
~ - -_ ~ ~ ~~~~ ~ ._ ~ ( K M )  (1000FT) .~. 
_ -  
~ ~~~~ ~~~. ~ ~ ~ ~ 
* R  = average mixing ratio. H,O/air, by weight: p atmospheric density; average W wafer 
vapor, weight in gramr per I krn path length in clear air; W (u) same. in microns liquid 
equivalent. 
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Since for strong bands the product \,'NP is relevant, 
the contribution to the stronger bands would de- 
crease with altitude even for the left-hand column 
in Table 1. 
In  an important 9ioneering effort, a series of 
high-altitude solar spectra between 1 .O-6.5 p was 
obtained from a Canberra jet with an open port by 
Houghton. e? al. ( 1957. 196 1 ) at the Royal Aircraft 
Establishment, Farnborough. England. The altitudes 
ranged up to 48,000 ft ( 14.6 km), and the spectra 
show the need of reaching at least 40,000 ft  ( 12 km) 
in astronomical IR spectroscopy. We have obtained 
a series of solar calibration spectra for 1.0-2.5 p 
from altitudes of 1.5-12.5 km (5,000-41,OOO ft), 
with the equipment used on the planets Venus and 
Mars. The resolution is 20 cm-', less than the 
2 cm-' (at 2.4 p )  to 11 cm-' (at 1.1 p )  used by 
Houghton, et al. (1961), but with more accurately 
controlled levels of the continuum. These spectra are 
reproduced in Comm. LPL No. 94 and will in their 
range, 1.0-2.5 p, serve as references in medium- to 
low-resolution astronomical spectroscopy. 
The nioisture distribution of Table 1 is reprcsen- 
tative of only the middle latitudes where the tropo- 
pause lies near the 1 1-1 2-km level instead of 7-8 i m  
as in the polar areas, or I S  km as in the tropics. The 
boundary between the tropical and the middle-lati- 
tude circulation zones varies with the seasons, being 
around 30' in winter and 45" in summer. Near the 
boundary, the tropopause may be double. often 
accompanied by a jet stream. This region is likely to 
be turbulent and is best avoided in observing runs. 
Since the tropopause is normally well above the 
upper boundary of cloud formations (only thunder- 
storm cumuli mdy penetrate the lower stratosphere), 
the 12-14-km zone in the middle latitudes is seen 
to be remarkably suited to astronomical observa- 
tions in the infrared. 
Our first concrete application of high-altitude 
aircraft to planetary astronomy was a program devel- 
oped by Dr. Kuiper with Dr. P. St. Amand at the 
Naval Ordnance Test Station, China Lake, Califor- 
nia, in April .1965. It used an A-3B Jet, having a 
ceiling of about 44,000 f t  ( 13.4 k m )  which, without 
major modifications, could accommodate refracting 
telescopes up to 3- or 4-in. aperture, fastened in a 
window through a swivel vacuum junction. Mr. Carl 
Gillespie. our high-altitude observer, found that 
hand-guiding had sufficient precision ( I  -2 arc min) 
for certain integrated measures in the far infrared. 
The program was developed further by Dr. Frank 
Low and Mr. Carl Gillespie, and three groups of 
flights took place in 1966. The results relate mostly 
to the sun and the sky brightness at 1 mm and wiil 
be published elsewhere. The sky radiation attribut- 
able to water vapor dropped sharply to inappreciable 
amounts at an altitude somewher2 between 37,000- 
44.000 ft ( I 1.3- 13.4 km) depending on conditions. 
confirming the general picture of Table 1. The obser- 
vations were suspended early in 1967 through the 
tragic loss of the competent crew and the aircraft, 
on a flight not connected with the 1R program. 
Planetary and stellar spectroscopy in the near 
infrared in practice requires a telescope of at least 
12-in. aperture on which observations can be made 
at least over an hour with a guiding precision of 
1 arc min or better. Exploratory discussions with 
Dr. Michel Bader and Mr. Robert Cameron of the 
NASA-Ames Laboratories :arly in 1966 led to the 
formulation of such a program with the NASA Con- 
vair 990 Jet. In this aircraft a row of 12 X 14 in. 
clear-aperture windows was available at 65 O above 
the horizon and also facilities for mounting a tele- 
scope with attachments and supporting electronics; 
further, a gyro-controlled heliostat, allowing con- 
tinuous guiding with a precision of 10-20 arc sec 
for at least an hour; while the astronomical opera- 
tions could be performed with the convenience of a 
physical laboratory, no pressure suit being required. 
Formal proposals for a flight program were made in 
December 1966, and through support by both NASA 
Hq., and NASA-Ames the authors were assigned 
time during April-June 1967 in a schedule that was 
already nearly filled. The aircraft is based at Moffett 
Field, California (30 mi SE of San Francisco). The 
relevant features are described below. 
On the left side of the aircraft a series of extra 
window ports allow observation from 65" t 10" 
elevation. The window port assigned to this program 
is located over the wing, for maximum stability and 
minimum vibration. Its position with respect to the 
various control points is shown in Figure 1. The 
dimensions and construction of the window port 
itself are shown in Figure 2. An outside metal shield, 
flush with the aircraft skin, protects the optical sur- 
face during takeoff and landing. When not in opera- 
tion a pane of safety glass protects the optical 
window from the inside. The cross section of the 
fuselage is shown in Figure 3, which indicates also 
the position of the two seat rails to which the tele- 
scope is fastened. The incoming beam from the 65' 
window is intercepted by a gyrostatically controlled 
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Fig. 1 Floor plan of control points in NASA 990 Jet. W gives position of window used in planetary observations. 
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Note All dimensions In inches 
F I O ~ ~  wew 
Fin. 2 Construction and dimensions of window port. 
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Fig. 3 Cross section of telescope, support, and window normal to aircraft axis. Cf. Fig. 4 
- ( T W O  LEVEL MIRROR FOR 
SKY COMPENSATION I 
CHOPPER MOTOR 5 




Fig. 4 Longitudinal projection of telescope and accessories. 
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Fig. 5 Dimensions and controls of 
heliostat. the overall dimensions and construction 
of which are seen in Figures 4 and 5 .  During opera- 
tions. the heliostat mirror is not parallel to 
itself L the pia..- rolls or pitches; instead it is cor- 
rwkd by hdj  the angular amounts. which causes 
the reflected beam of a stationary object to remain 
parallel to the plane's fuselage. As a result. the 
image of a planet would be stationary in a telescope 
attached to the aircraft structure if its azimuth and 
elevation were stationary. Normally, the observa- 
tions are made when the planet is in transit. and the 
plane flies west. Since thc heliostat has drives with 
adjustatle rates in both coordinates. the altazimuth 
drifts can be compensated for. In addition, there are 
manual overrides for small erratic motions resulting 
fr-7 uncompensated motions of the aircraft. The 
assemblage of telescope, heliostat. and window port 
is seen in Figures 4 and 6. 
The telescope used in this program is a casse- 
grain of 12-in. aperture, Fi4 primary and F/13 
secondary, provided by thic Laboratory. The [-ratio 
was so chosen that the photometers and other attach- 
ments in use at the Catalina Obstrvatory could be 
used without chanse. 
- 6.30 - - 5.00 - 
I H \ .  
heliostat mirror. Ci. Fig. 4. 
Two attachments have beem used so far: ( 1 ) a 
Block interferometer with resolution of 20 cm-'. 
using uncooled PbS cells, kindly lent to us by Mr. 
Lawrence Mertz pending the receipt of a Block 
interferometer on order; and ( 2 )  a Johnson photom- 
eter quipped with rotating interference wedge filters 
covering the region of 1 2 - 4 2  microns. The photom- 
eter has a lead-sulfide cell. I / i  x 1 . i  mm, liquid- 
nitrogen cooled (NEP = 1.5 K IO-' '  W ) .  
Thc output of either instrument is recorded on 
magnetic tape and displayed in parallel on an oscil- 
loscope. The wedge spectra are also recorded on the 
high-speed (0.01 sec response time) recorder. These 
extra attachments are used for monitoring purposes. 
Figures 3,4, and 7 show the telescope with the pho- 
tometer and filter-wedge device attached. The elec- 
tronics equipnient is mostly kept in the frame that 
supports the telescope; cf. Figures 4, 6. and 7. 
The telescope is attached to the aircraft by shock 
mounts so that vibration during takeoff and landing, 
and in flight. are damped. Except for one flight at 
ceilii:v ;I  ' wbc.,  the outside temperature had 
drr ' ; C and parts of the wing flow 
;* ' velocity of sound, causing a special 

vibration that was transmitted to heliostat and tcle- 
scope. the vibration damping, though not complete. 
was quite effective as judged at the guiding eyepiece. 
Also. the gyroscopes. whcn started in their proper 
orientations, pcrfornid nearly within their specifi- 
cations (about I O  arc sec) even during periods of 
mild turbulence. The IR devices were attached to 
the telescope in flight and. during the takeoff and 
landing. were stowed in paddrvi boxes securely 
anchored to the floor. The interferometer was 
attached to the telescope through special separators 
that further reduced vibrations; this proved essential. 
As already indicated, the operational procedure 
developed by hASA-Ames consisted of observing a 
planet near meridian passage by flying the aircraft 
at the appropriate time on an east-west course whose 
latitude made the planet's altitude above the southern 
horizon 65 2 5 or at most _C IO". Thus. for Mars 
(decl. -7" ) the geographic latitude at observation 
was approximately 23 N. for Venus (decl. +26' 
to +2 I 1. 46' to 4 I N. In order to allow observa- 
tions to continue for an hour or more. the east-west 
track was slightly curved. based on a schedule com- 
puted in advance at NASA-Ames. For example. 
parts of the Venus flight schedule of May 14 are 
reproduced in Table 2. The corresponding schedule 
for the moon. observed immediately afterwards for 
calibration, is shown in Table 3. 
Table 4 lists the flights made during April-June 
1967. The April 21-23 flights were out of Moffett 
Field. over the eastern Pacific off the coast of Mexico, 
with the actual trajectories shown in Figure 8. (The 
flight trajectories differ somewhat irom those com- 
puted because the latter are derived on the assump 
tion of no wind or some average value. At the 
10.OOO-ft level, wind velocities often exceed 100 
knots.) The May 14 Venus flight took place over 
southern Canada, as illustrated in Figure 5. 
The April flights were mostly experimental and 
showed some instrumental weaknesses that were 
corrected for the May and June flights. Among these 
were improved telescop fomsing. an arrangement 
that allowed continuous guiding on the Johnson 
photometer. and improved mounting of the interfer- 
ometer to reduce vibrations. The choice of thc. 
optical window was also reconsidered. Three win- 
dows (each about 1 in thick) were available, com- 
posed of soda-lime, borosilicate crown, and fused 
quartz, respectively. It was initially assumed that 
fused quam would be the most suitable. and it was 
used in the April flights. It was found, however, that 
the partial transmission of fusd  quartz from 3.0-3.6 
microns was no compensation for the disadvantages 
resulting from absorptions at 1.4 and 2.2 microns. 
For this rcason, the borosilicate crow window was 
used in the May and June flights. The transmission 
curves of the three windows. measured with the 
Perkii-Elmer spectrometer at NASA-Ames. are 
shown in Figure IO. Windows transparent for the 
region bcyond 2.5 microns are urgently needed for 
future infrared spectroscopy. Possibilities under con- 
sideration include the use of lnfrasil (A < 4 p), an 
Irtran 5 mosaic (A < 9 p), a polycrystalline silicon 
mosaic (1.1 < A <  IO00 p), and an open window 
port connected with it vacuum-proof telescope. 
A description of the Block interjerometer has 
been published by its inventor. Lawrence Mertz 
(1965~.  6). who gr2,iousry prmitted the authors 
to use his personal instrument on the NASA 990 
flights. A traveling mirror causes an interferogram 
with resolution of 20 cm-' to be made every 0.8 sec. 
During 30 mirrsome 2000 interferograms are there- 
fore produced. They are recorded on an Ampex 
Model 860 magnetic tape recorder. The reductions 
consist of. first. co-adding these records in one or 
two (or any other small number) of master inter- 
ferograms; whereupon each of these is reduced to a 
spectrum by an IBM I131 computer program cited 
by Mertz ( 1966). The very rapid scan of the inter- 
ferometer appears to avoid the troubles that have in 
the past beset some of the slower interferometers.' 
The present Mertz interferometer uses two stand- 
ard uncooled PbS cells because of their rapid fre- 
quency response (> 1000 cps ). In the new Block 
interferometer now under construction (having IO 
cm-' resolution). cooled lnAs detectors will be used 
instead, with a roughly 20-fold gain in sensitivity. 
The filter wedge characteristics are shown in Fig- 
ures 11-13. Figure 11 shows a combination of two 
semicircular filters cemented together into a single 
filter wheel about lOcm diameter. One half trans- 
mits the region 1.3-2.5 p, as indicated in Figure 1 la; 
the other half from 2.14.2 p. The bandwidths of 
the transmission peaks are listed in Table 5 and are 
seen to be close to 1 percent throughout the region 
covered. Figure 1 16 shows the peak transmission as 
a function of wavelength. It is noted that each filter 
'Mertz (1965~1) correctly stresses that the published 
critiques of earlier unsuccessful interferoneters die not deal 
with unavoidable basic difficulties; and that, for instance. his 
technique of very rapid scans suffices to overcome disturbing 
scintillation effects (even without ratio recording). A similar 
comment was published by G. P. Kuiper in Comm. LPL. 1. 
180, Jan. 1963. 




19b  I@ 604) 
19 21 60.0 
19 26 60.0 
19 31 60.0 
19 36 60.0 
19 41 60.0 
19 46 60.0 
19 51 60.0 
19 56 60.0 
20 1 60.0 
20 6 60.0 
20 11 60.0 
20 I6 60.0 
20 21 60.0 
20 26 60.0 
20 31 60.0 
20 36 60.0 
20 41 60.0 
20 46 60.0 
20 51 60.0 
20 56 60.0 
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TABLL 2 
COMPUTA~IONP CIS VENUS FLIGHT RAJECTORY. MAY 14. 1967 
..__I ____ -~ __ ____  
OUECT O U E C T  AIICIAFT AlICIAFT 
LONG ELEVATION AZIMUTN HEADING BANK ANC. ______ -- LIT. 
4 6 O  5.6 69O 55.9 69O 22.0 1 6 8 O  19.5 263O 4.5 00 2.0 
46 1.6 70 51.8 69 28.5 169 5.5 263 50.5 0 2.1 
45 58.2 71 47.5 69 34.3 169 52.1 264 37.1 0 2.2 
45 55.3 72 43.8 69 39.4 170 39.3 265 24.3 0 2.3 
45 52.9 73 39.8 69 43.7 171 27.1 266 12.1 0 2.3 
45 51.1 74 35.9 69 47.4 172 15.4 267 0.4 0 2.4 
45 49.8 75 31.9 69 50.3 173 4.1 267 4?. 1 0 2.4 
45 49.1 76 27.9 69 52.5 173 53.1 268 38.1 0 2.5 
45 49.0 77 23.9 69 54.0 174 42.5 269 17.5 0 2.5 
45 49.4 78 20.0 69 54.6 175 32.1 270 f i . 1  0 2.5 
45 50.4 79 16.0 69 54.6 176 21.8 271 6.8 0 2.5 
45 52.0 80 12.0 69 53.8 177 11.6 271 56.6 0 2.5 
45 54.1 81 8.0 69 52.2 178 1.4 272 46.4 0 2.5 
45 56.8 82 4.0 69 49.9 178 51.0 273 36.0 0 2.5 
45 60.0 82 60.0 69 46.8 179 40.5 274 25.5 0 2.5 
46 2.8 83 56.1 69 460 180 29.8 275 14.8 0 2.4 
46 6.1 84 52.2 69 C:!.4 181 18.6 276 3.6 0 2.4 
46 10.0 85 48.2 69 36.2 182 7.1 276 52.1 0 2.3 
46 14.5 86 44.3 69 31.1 182 55.3 277 40.3 0 2.3 
46 19.4 87 40.3 69 25.4 183 43.0 278 28.0 0 2.2 
46 25.0 88 36.4 69 19.0 184 30.2 279 15.2 0 2.1 
__  
OBJECT BEAIING 























COMPUTATIONS OF MOON F'LIGYT I'RAJECTORY. MAY 14. 1967 
O U E C T  OBJECT AIIM*FT AllrUFT OBJECT BEAIING 
UT LIT. LONG. ELEVATION AZIMUTH HEADING BANK ANG. TO FLIGHT PAlW 
20h 16m 6oro 46O 52.8 81° 36.5 6 3 O  6.2 132O 9.5 226O 54.5 00 0. 265" 15.0 
20 21 60.0 46 26.4 82 18.4 63 39.2 132 20.9 227 5.9 0 0. 265 15.0 
20 26 60.0 45 60.0 82 60.0 64 12.3 132 32.8 227 17.8 0 0. 265 15.0 
20 31 60.0 45 33.4 83 41.0 64 46.1 132 45.5 227 30.5 0 0. 265 15.0 
20 36 60.0 45 6.9 84 21.8 65 20.0 132 58.1 227 43.7 0 0. 265 15.0 
20 41 60.0 44 40.5 85 2.4 65 54.1 133 12.7 227 57.7 0 0. 265 15.0 
20 46 60.0 44 14.2 85 42.9 66 28.3 133 27.3 228 12.3 0 0. 265 15.0 
20 51 60.0 43 48.1 86 23.2 67 2.7 133 42.5 228 27.5 0 0. 265 15.0 
20 56 60.0 43 22.1 87 3.4 67 37.2 133 58.6 228 43.6 0 0. 265 15.0 
21 I 60.0 42 56.2 87 43.5 68 11.7 134 15.5 229 0.5 0 0. 265 15.0 
21 6 60.0 42 30.5 88 23.5 68 16.4 134 33.2 229 18.2 0 0. 265 15.0 
21 I I  60.0 42 4.9 89 3.4 69 21.1 134 51.9 229 36.9 0 0. 265 15.0 
21 16 60.0 41 39.5 89 43.2 69 55.8 :15 11.6 r29 56.6 0 0. 265 15.0 
21 21 60.0 41 14.2 90 22.9 70 30.6 135 32.5 230 17.5 0 0. 265 15.0 
135 54.6 230 39.6 0 0. 265 15.0 21 26 60.0 40 49.2 91 2.6 71 5.4 ~ _ _ _ _ _ _ _ _ ~  ___- 
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-22 TAKEOFF 01:OI U . 1  
WOlNG 0%2.U.T 
-23 TAKEOFF 01.33 u.T. 
Lmmw IQ'ISUT. 
-- 
- AW 24 TAKEOFF 01.29 UT. 
LANDING IO 40 UT. 
\ 0 TURNS. SKV YEAS ! 3 
Fig. 8 Trajectories for three experimental flights, April 1967. The turns indicated 
were made for Dr. Low's IR program. 
166 G .  P. K U I P E R .  F. F. FORBES A N D  H .  L .  J O H N S O N  
Fig. 9 Trajectory of Venus flight, May 14. 1967 
TABLE 4 
NASA, AMES 990 JET. IR SPECTROSCOPY FLIGHTS APRIL-JUNE 1967 __ ~_I__ 
~ 
_.______ _ __ ~_~_ ~ ___~_. 
LOCAL TRANSIT 
1967 DATE TIME OBJECT R.A. DEC. TIME 
Fri, April 2 1 8 PM Moon 11:59 + 3:42 21:57 
Sat, April 22 9 PM Moon 12:53 - 3:20 22:46 
Sun, April 23 9 PM M w n  l?:47 --10:14 23:37 
Sun, May 14 2-3 PM Venus 6:24 +25:47 14:56 
4 PM Moon 7:53 +26:11 16:25 
_ _ ~  _ _ ~  . 
9 PM Mars 1 3 ~ 2 5  - 6 ~ 5 5  23:23 
10-12 PM Mars 1 3 ~ 2 4  - 6:56 2 3 ~ 1 7  
10-12 PM MUS 1 3 ~ 2 2  - 6 ~ 5 0  2 3 ~ 1 2  
Sun, June I 1  2 PM Moon 8:34 +24:03 15:15 
3-4 PM Venus 6:34 +21:06 I5:15 
Mon, June 12 6 PM Moon 9:39 +19:20 16:14 
Tue, June 13 6 PM Moon 10:32 +14:07 17:03 
7-9 PM Mars 13:02 - 6 ~ 5 2  1 9 ~ 3 7  
7-9 PM Mars 13:03 - ?ZOO 1 9 ~ 3 4  
Fri, June 23 11-2 PM SUII 6:07 +23:2, 12:02 
~ _ _ _  .~ -~ -~ ~ . - _ _ _  
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Figs. 100, b, and c Transmission curves 
of three available optical windows. 
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Fig. I1 
filter wheel having 1 percent bandwidth (Table 5) .  
Wavelength (a) and peak transmission (6)  versus orientation of 
is efficient only for approximately two thirds of its 
octave. Figure 12a shows similarly a complete inter- 
ference wedge (two symmetrical halves) for the 
region 1.85-3.65 p. Its peak transmission is very 
good, as is seen from Figure 12b. Figure 13 repro- 
duces the shapes of the transmission peaks of the 
second filter. Its bandwidths in terms of filter posi- 
tion and wavelength are shown in Table 6. The filter 
wheels in the photometer turn at the rate of once 
per 10 sec. 
TABLE 5 
TRANSMISSION PROPERTIES OF FILTER WHEEL NO. 1 
ANGLE A ( # )  BANDWIDTH b HALF BRIGHTNESS tr) 
._ - ~. .. _ _ ~ .  .____ 
0” 1.2707 0.822 1.2655 1.2759 
30 1.4279 0.995 1.4208 1.4350 
60 1.6406 0.945 I .6329 1.6484 
90 1.8637 0.9 18 1.8552 1.8723 
120 2.0869 0.995 2.0765 2.0913 
150 2.3012 0.955 2.2903 2.3122 
180 2.4717 0.891 2.4661 L.4887 
180 2.09 0.91 2.0811 2.1001 
210 2.33 1.15 2.3482 2.3213 
240 2.69 1.01 2.6147 2.7018 
210 3.07 0.984 3.0541 3.0854 
300 3.34 0.994 3.4352 3.4707 
330 3.82 0.91 3.7995 3.8352 
3 60 4.10 I .01 4.0943 4.1353 
.- ______  
Application of both the Mertz intcrfc rometcr and 
the 1-4 p filter wheel are presented in the following 
Communications. 
A third attachment to be used in the program is a 
grating spectrograph with a short-focus camera, giv- 
ing 40 A/mm in the photographic infrared. The 
grating has 600 lines/mm, is blazed for 1.6 p first 
order or 8000 A second order. The collimator focal 
length is 37.5 in. = 95 cm; the camera focal length, 
8 in. (20 cm). 
TABLE 6 
TRANSMISSION PROPERTIES OF FILTER WHEEL NO. 2 
ANGLE M r )  BANDWIDTH 0 HALF BRIGHTNESS ( u )  
_ _ ~ ~  ___ . _ _  
0” 1.855 2.70 1.83 1.88 
I5 1.990 2.52 1.96 2.01 
30 2.14 2.34 2.11 2.16 
45 2.31 2.60 2.28 2.34 
60 2.45 2.86 2.41 2.48 
15 2.60 2.69 2.56 2.63 
90 2.12 2.58 2.68 2.15 
I05 2.95 3.05 2.90 2.99 
120 3.1 I 2.90 3.06 3.15 
135 3.26 2.16 3.21 3.30 
150 3.41 2.94 3.36 3.46 
165 3.55 2.10 3.49 3.60 
180 3.64 2.15 3.59 3.69 
~ -. _ _ _ ~  
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3. Future Deoelopments 
While for many years the potential of aircraft 
carrying IR recording equipment above the terres- 
trial water vapor had been recognized, the technical 
problems and the sensitivity limitations of the detec- 
tors are only now being overcome. Of particular 
importance is the development by Mertz of an IR 
spectral interferometer using rapid scans. Even so, 
much additional development is needed to make a 
program possible for an adequate number of impor- 
tant objects. Extension must be made in several 
directions: ( 1 ) greatly increased detector sensitivity 
in the 1-3 p region (as indicated in Section 2). 
which would allow extension of the program to rnucl, 
fainter objects; (2)  the development of a window 
port transmitting up to at least 8 microns and, ulti- 
mately, an qpen port with a heated heliostat and a 
vacuum-proof telescope; ( 3 )  increased spectral reso- 
lution for the brighter objects; (4) for calibration 
purposes (wavelength standards) in planetary and 
stellar IR spcctroscopy, solar spectroscopy with 
higher resolution; ( 5 )  the develupment of a much 
larger telescope with an open window port. AI1 these 
extensions are possible and together they will open 
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